ABSTRACT Orthogonal frequency-division multiplexing with index modulation (OFDM-IM) has attracted much attention in recent years. In OFDM-IM, the information bits of a block are generally divided into several subblocks, each of which is further split into two parts, i.e., the index bits and the symbol bits. By performing a coordinate interleaving operation over each two constellation symbols, the bit-error-rate (BER) performance of the symbol bits is significantly improved in an existing OFDM-IM scheme, which is called coordinate-interleaved OFDM-IM (CI-OFDM-IM). In this paper, we propose a novel OFDM-IM scheme termed enhanced CI-OFDM-IM (ECI-OFDM-IM). In ECI-OFDM-IM, to improve the BER performance of the index bits, we adopt a special subcarrier-activation pattern (SAP) lookup table in which the Hamming distance of any pair of SAPs is at least four. To improve the BER performance of the symbol bits conveyed by the active subcarriers, the operations of rotating and coordinate interleaving are conducted twice over each four constellation symbols. Based on the maximum likelihood (ML) detection, a theoretical upper bound on the average bit-error probability of ECI-OFDM-IM is derived in closed form. By using the loglikelihood ratio method for SAP detection, a semi-ML detection scheme is proposed. Both the theoretical and simulation results show that ECI-OFDM-IM outperforms CI-OFDM-IM with additional diversity gains over frequency-selective Rayleigh fading channels.
I. INTRODUCTION
In recent years, the concept of index modulation (IM) has attracted increasing attention as a promising technique for the next-generation wireless communication due to the highly desirable features such as spectrum-and energy-efficiency [1] , [2] . It is well known that the system resources available for information transmission can be divided into multiple parts, which are also called resource building blocks in this paper. For example, in orthogonal frequency division multiplexing (OFDM), the total frequency bandwidth is split into many narrowband subchannels to transmit parallel data streams. The key idea of IM is that, by altering the active/idle status of the available building blocks, additional data bits are conveyed by the indices of the active ones. In the literature, IM has been extensively studied on different transmission resources, such as transmit antennas [3] - [9] , subcarrier [10] - [24] , spreading code [25] , radio frequency (RF) mirrors [26] , etc. The IM concept was first applied in multiple-antenna system, and the resulting transmission technology is called spatial modulation (SM). With a single transmit antenna being activated for data transmission in each symbol time, SM has many appealing features, such as high spectral and energy efficiency, single RF unit, no inter-channel interference, and reduced decoding complexity.
With the numerous studies on SM, the IM concept has also been extended to OFDM subcarriers [10] - [12] . It is well known that the OFDM technique has been quite successfully applied in high-speed wireless communications, such as wireless local area net (LAN), digital video broadcasting (DVB), and European standard HIPERLAN/2, due to its high spectral efficiency and the inherent ability to combat the inter-symbol interference caused by the multi-path effects. In OFDM with IM (OFDM-IM), the total subcarriers are divided into many subblocks with fixed length. In each sub-block, a subset of subcarriers are selected to transmit conventional constellation symbols, such as M -ary quadrature amplitude modulation (QAM), while the remaining part of subcarries keep silent with variant indices in different OFDM-symbol intervals. Hence, additional data bits (index-bits) can be modulated onto the varying subcarrier-activation pattern (SAP). Compared to classical OFDM, OFDM-IM has many significant advantages, including better bit-error-rate (BER) performance at low-to-mid spectral efficiency, better performance of ergodic achievable rate, reduced peak-to-average power ratio (PAPR), relatively higher robustness against the intercarrier interference (ICI) caused by time-varying channels, etc [1] , [12] .
There have been several generalized or enhanced versions of OFDM-IM in the literature. In [13] , a subcarrier-level interleaving scheme is used to enlarge the Euclidean distances among the transmit symbols and thus improve the BER performance of the conventional OFDM-IM. In [14] and [15] , to achieve an increased spectral efficiency and better BER performance than that of conventional OFDM-IM, the index domain has been extended to include in-phase and quadrature dimensions, i.e., independent IMs are implemented over the inphase and quadrature components of each subblock, respectively. In [16] , by considering the fact that the available SAPs has not been used with an equal probability in previous OFDM-IM schemes, the authors propose an equiprobable subcarrier activation to improve the SAP detection performance. In [17] , to get better PAPR and BER performance, the vecter OFDM based OFDM-IM is proposed. In [18] and [19] , to achieve higher spectral efficiency, the idle subcarriers are exploited to transmit data symbols generated by another constellation, which is distinguishable from the one used in the classical OFDM-IM, ensuring that the SAP of each subblock can be detected at the receiver. In [20] , by performing a coordinate interleaving operation on each two data symbols, the author propose a new scheme termed coordinate interleaved OFDM-IM (CI-OFDM-IM), which significantly outperforms the conventional OFDM-IM in BER performance with an additional diversity gain.
Motivated by the work in [20] , we investigate the ways to further increase the transmit diversity of OFDM-IM in this paper. It is well known that the minimum Hamming distance between two different SAPs in classical OFDM-IM is only 2. In the proposed scheme, the data-bits-and-SAP mapping table is designed under the constraint that the distance of any pair of SAPs is at least 4. Since the number of the available SAPs increases rapidly with the subblock length, the loss of spectral efficiency induced by the larger SAP distance can be compensated by an properly increased subblock length. To further improve the BER performance of constellation symbols, the rotatingand-coordinate-interleaving operation is performed twice on each 4 data symbols. Thus, the proposed scheme is called 
enhanced coordinate interleaved OFDM-IM (ECI-OFDM).
To evaluate its performance, the average bit error probability is derived using the union bound. In additon, a maximum likelihood (ML) detector and a log-likelihood ratio (LLR) based semi-ML detector are introduced.
The rest of this paper is organized as follows. In Section II, the system model is introduced in detail. In Section III, detection methods are provided. The theoretical analysis of the system performance is performed in Section IV. In Section V, the performance of the proposed ECI-OFDM-IM is tested by numerical simulations. Finally, concluding remarks are given in Section VI.
For the better readability, some notations and variables used in this paper are listed in Table 1 .
II. SYSTEM MODEL
The transmitter structure of the proposed ECI-OFDM-IM is shown in Fig. 1 . A total of N F subcarriers in an OFDM block are divided into G subblocks, each consisting of N = N F /G subcarriers. In each block interval, a number of m incoming data bits are fed into the transmitter and also partitioned into G groups, each containing p = m/G bits. For each subblock g (g = 1, 2, · · · , G), the p information bits are further divided into two parts: the first one has p 1 bits used for IM and the second one has p 2 bits used for classical M -ary modulation, i.e., p = p 1 + p 2 . Specifically, the p 1 bits determine the activation of K out of N subcarriers, where K is set to be an integer multiple of 4. The indices of those active subcarriers are given in ascending order by
where 
where s g,k ∈ S for k = 1, 2, · · · , K . At the R&CI module, the elements of s g are first divided into groups of 4 symbols within each group. Then, a series operations, including constant phase rotations and coordinate interleaving, are performed independently on each group. This procedure is detailed in Section II.B. For each subblock g, the output of the R&CI module is represented by
for g = 1, 2, · · · , G. At the OFDM block creator, for each subblock g, the elements of c g are modulated onto the K active subcarriers indexed by i g , with the resulting subblock denoted as x g . The OFDM block creator first generates all of the subblocks by using c g and i g for all g. Then, it forms the main OFDM block in the frequency domain as
To ensure that the elements of any subblock undergo uncorrelated channel fading, the elements of the main OFDM block x are interleaved by a G × N block interleaver, i.e., G×N , as in [20] . In this interleaver, the elements of x are filled in a G × N matrix row by row and then output from this matrix column by column to generate the interleaved blockx. Then, the frequency-domain blockx is converted into the time domain block q by an inverse fast Fourier transformer (IFFT) of size N . We assume that the average power of the timedomain signal is normalized to unity, i.e., E{q H q} = N F . At the output of the IFFT, a cyclic prefix (CP) of length L (longer than the maximum channel delay spread) is appended to the beginning of the OFDM block to avoid inter-symbol interference (ISI). After the parallel-to-serial (P/S) conversion, the resulting signal is sent to the discrete-time equivalent baseband channel with L independent identically distributed (i.i.d.) random taps, each following the Rayleigh distribution CN (0, 1/L), i.e., the statistical average power gain of the channel is normalized to unity.
We assume that the channel is block stationary, i.e., the channel impulse response keeps invariant over the duration of an OFDM block. It is also assumed that the system has perfect timing synchronization. By removing the CP from the received signal and applying an N F -points FFT, the frequency-domain signal block is obtained as where h and w are the N F ×1 vectors containing the subcarrier gains and additive white Gaussian noise (AWGN), respectively. The elements of h and w follow complex Gaussian distributions of CN (0, 1) and CN (0, N 0,F ), respectively, where N 0,F is the noise variance in the frequency domain. By feedingỹ into the deinterleaver corresponding to the interleaver of the transmitter, we get
whereh andw are the equivalent channel gains and noise vector respectively. The elements ofh andw have the same distributions as those of h and w, respectively. In general, given a random multi-path channel with L taps, the gain of a subcarrier is correlated with the gains of its neighboring subcarriers within a distance of N F /L from it. From the working procedure of the interleaver, it can be inferred that, if the subblock number G is set to be larger than N F /L, any G consecutive elements ofh are independent from each other, i.e., the elements of each subblock of x undergo independent channel fading.
A. SUBCARRIER ACTIVATION SCHEME
In order to describe the set of SAPs used in the proposed ECI-OFDM-IM, we first introduce the concept of binary constant weight code (BCWC) [27] - [29] . A binary code of length n is a nonempty set C ⊆ F n 2 , where F 2 = {0, 1} is the field of order 2. For a codeword, its weight is the number of the nonzero elements. All the codewords of a BCWC have the same weight. The minimum distance of a code is defined as the minimum Hamming distance between any two codewords. An binary code of length n, minimum distance not less than d, and constant weight ω is called an (n, d, ω) BCWC. Among all the possible (n, d, ω) BCWCs, the optimal one has the maximum number of codewords, and its size is denoted as
For each subblock of an OFDM-IM system, we can describe the SAPs with a BCWC code by using the positions of the zero elements of the codeword as the indices of the inactive subcarriers. In general, in conventional OFDM-IM, the SAPs can be described by an (N , 2, K ) BCWC code. For example, in Table 2 , we give a look-up table that provides the corresponding indices and BCWC codewords for the incoming IM bits for each subblock in a traditional OFDM-IM system with N = 4, K = 2. It can be seen from the table that there are 4 codewords in the BCWC, and its minimum Hamming distance is 2. To improve the SAP detection performance, we use (N , 4, K ) BCWC for the SAPs in the proposed ECI-OFDM-IM, i.e. the minimum Hamming distance of the SAP code is set to be 4. As an example, in table 3, the IM bits, the indicies of the active subcarriers and the corresponding BCWC codewords are provided for a proposed ECI-OFDM-IM system of N = 8, K = 4 and p 1 = 3. It should be noted that, the increased N and K can be used to achieve a given spectral efficiency, when the available number of BCWC codewords, A(N , 4, K ), is not sufficient to obtain it. For instance, a spectral efficiency of 1.5 bits/s/Hz can be achieved by a traditional OFDM-IM system of N = 4, K = 2 using 4-QAM modulation. To get the same spectral efficiency with 4-QAM constellation, the N , K , and the BCWC code size of the proposed ECI-OFDM-IM can be set as 16, 8, and 256, respectively. It is easy to verify that A (16, 4, 8) is much larger than 256 with a brute-force exhaustive search.
In the proposed ECI-OFDM-IM, the main task of SAP design is to construct a (N , 4, K ) BCWC at the given N and K . In general, a BCWC can be constructed in an incremental manner by two ways: codeword by codeword or via subcodes. A detailed description of these two methods is provided in [27, Sec. II], and thus is omitted here for brevity.
B. COORDINATE INTERLEAVING SCHEME
As seen from Fig. 1, for each subblock g, 2) A coordinate interleaving is performed onṡ 1,1 by rearranging the imaginary parts of its elements as
3) Perform a phase rotation on the elements ofs 1,1 with the angle θ asċ 
4) A coordinate interleaving is performed onċ 1,1 by exchanging the imaginary parts of each two elements as
The resulting vector c 1,1 is the 1st group of elements of c 1 , the output of the 1st interleaver. By repeating the above operations for the rest of the block, we get all the complex symbols to be conveyed on the active subcarriers of the system. It is easy to see that our coordinate interleaving scheme is a modification of the one proposed by E. Basar in [20] . In Basar's method, the rotating-and-coordinate-interleaving operation is performed only once over two near data symbols. In our scheme, this operation is performed twice over four consecutive symbols. Given an original data symbol, its signal energy is dispersed over 4 and 2 subcarriers by ours and Barsar's scheme, respectively.
In Fig. 2 , under different rotation angles θ , we provide the possible complex symbols at the output of each R&CI module, into which 4-QAM symbols are fed. At θ = 0 degree, the output symbols are still of 4-QAM constellation. In this case, there should be no performance improvement brought by the coordinate interleaving. This is because, the coordinate interleaving without rotation is just equivalent to a sourcebit interleaving before the M -ary mapper, and this can not improve the system performance. At θ = 22.5 degrees, there are many points close to the symbol 0. It can have disastrous consequence for OFDM-IM system, because the subcarriers conveying those near-zero symbols can easily be detected as inactive subcarriers. Thus, the selection of an appropriate rotation angle θ is very important to the performance of ECI-OFDM-IM.
III. DETECTION METHOD A. ML DETECTION
Let us first divide the received vector y, the equivalent channel vectorh, the transmit signal vector x and the additive noise vectorw into G subvectors of length
Then, based on (6), the inputoutput relationship of each subblock g can be expressed as
From the signal model of the transmitter, we know that x g is uniquely determined by the SAP i g and the data symbols conveyed on the active subcarriers s g . For convenience, we introduce a function T to denote the relationship between x g and (i g , s g ) as x g = T (i g , s g ). Thus, (11) can be rewritten as
Then, by considering all the possible i g and vectors of signal constellation points s g , the ML detector makes a joint estimation on the SAP and the constellation symbols by minimizing the following Euclidean distance:
Considering there are N −K zero-elements in vector x g at the positions of the inactive carriers, the ML estimator given in (13) can be written as
where y g (i g ) andh g (i g ) are K -length vectors whose elements are extracted from y g andh g using indices i g , respectively, i.e.,
) is the coordinate interleaved version of s g , i.e., (s g ) = c g . As seen from metric (14) , for each subblock, the total number of metric calculations is 2 p 1 M K , increasing exponentially with p 1 and K .
B. SEMI-ML DETECTOR WITH LLR SAP DETECTION
To reduce the computational complexity caused by the joint detection of the SAP and the constellation symbols, we perform the signal detection in two independent steps. In the first step, by considering the fact that the frequency domain signal value is either zero or non-zero on each subcarrier of OFDM-IM, the SAP of each subblock is detected by an LLR estimator [12] , [20] . In the second step, based on the detected SAP, the corresponding constellation symbols [s g,1 s g,2 · · · s g,K ] T are divided into groups of length 4 and then detected group by group by the ML detector. Specifically, to detect the SAP of each subblock, the LLR values, which give the information on the on-off status of the subcarriers, are calculated as 
The one with the maximum LLR value is selected as the estimation of the transmit SAP, i.e.,
Based on the estimated indicesî g , the symbols on the active subcarriers are subtracted out and divided into groups of length 4 to perform ML detection of s g group by group. Again, with out of generality, we focus on the 1st group of the 1st subblock. Let us define the first group active indicies of i 1 as i 1, 1 
IV. PERFORMANCE ANALYSIS
In this section, we analyze the theoretical error performance of the proposed ECI-OFDM-IM. Assuming perfect timing synchronization and ideal channel estimation at the receiver, we investigate the upper bound on the average bit error probability of the system with ML detection. The BER performance of semi-ML detector with LLR SAP detection will be compared with that of ML estimator through Monte Carlo simulations in section V. By considering the fact that, at the transmitter, the operations performed by the index selector, M -ary mapper and the R&CI module are all invertible, we can infer that, for each subblock g, the mapping of the input p data bits onto the transmit signal x g is one-to-one and hence invertible.
Based on the equivalent channel model described by (11) , given an transmit symbol vector x c g and a channel-gain vectorh g , a pairwise detection error x c g → x e g occurs if
. Then, the pairwise error probability (PEP) conditioned onh g can be calculated as [30] 
where
) is the squared Euclidean distance between the two received elements corresponding to x c g and x e g under the channel-gain vectorh g in the absence of channel noise. Thus, we have
On the other hand, the Gaussian Q-function can be well approximated by [12] , [31] Q(x) ∼ = 1 12 e
Based on (19) , the unconditional PEP can be calculated by averaging the conditional one over the random channelh g as
By substituting (20) and (22) into (23), the unconditional PEP can be further written as
where q 1 = 1/(4N 0,F ) and q 2 = 1/(3N 0,F ). As mentioned earlier, the frequency-domain channel gains contained inh g are assumed to follow the i.i.d. complex Gaussian distribution VOLUME 5, 2017 with zero mean and unit variance. Therefore, the probability density function (PDF) ofh g is obtained as
With (24) and (25), the unconditional PEP can be calculated directly by carrying out the integration as [12] P
It can be seen from (21) that T g is a diagonal matrix with nonnegtive entries. Now suppose there are R g positive elements on the main diagonal of T g , i.e., rank(T g ) = R g . Let us denote them as λ 1 , λ 2 , · · · , λ R g . Then, the unconditional PEP can be further simplified as
. (27) By using the unconditional PEP obtained in (27) , the overall probability of bit error for the gth subblock can be calculated by the asymptotically tight union bound as
where n X g = 2 p is the number of possible transmit vectors in the frequency domain for each subblock g, and e(x c g , x e g ) is the number of error bits for each pair (x c g , x e g ). Since the frequency-domain signal subblocks are independent from each other and processed one by one independently at either the transmitter or the receiver, the average bit error rate of the system should be equal to that of each subblock, i.e., P b = P g b . We now begin the analysis of the transmit diversity achieved by the proposed ECI-OFDM-IM. At high SNR (q 1 and q 2 are much larger than 1), the conditioned PEP given in (27) can be approximated as
Since q 1 and q 2 are both proportional to the SNR, it can be inferred from (29) that the diversity order is characterized by R g . Since the rank of diag
is equal to that of diag{x c g − x e g }, R g can also be written as Therefore, the diversity order of each subblock is determined by the minimum R g of all the possible pairs of (x c g , x e g ) as
Finally, it is easy to see that the achievable diversity order of the system D is equal to that of each subblocks, i.e., D = D g for g = 1, 2, · · · , G.
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we evaluate the BER performance of the proposed ECI-OFDM-IM by Monte Carlo simulations over frequency-selective Rayleigh channels. We first verify our theoretical analysis by computer simulations. Then, the BER performance of the index-bits are compared between the existing and the proposed SAP schemes. Finally, with the same spectral efficiency, a comparison of BER performance between the proposed scheme and the existing schemes is provided. The channel is assumed to be quasi-static, i.e. it remains constant over the duration of an OFDM symbol. The channel gains in the frequency domain are normalized to unity. The SNR is defined as the ratio of the average power of the transmit symbols in the frequency domain to N 0,F . A number of 10 7 Monte Carlo trials are conducted for each SNR.
In Fig. 3 , we show the theoretical upper bound on the BER of ECI-OFDM-IM with ML detection in comparison with that obtained by Monte Carlo simulations, where the SAPs given in Table 3 are adopted, the BPSK constellation is employed, and the rotating angle θ is set to be 10 degrees. It can be seen from the figure that this bound is asymptotically tight at high SNR. In addition, by using the same parameters, we plot the BER of ECI-OFDM-IM with the semi-ML detection by computer simulation, where the SAPs of the transmit vector are first determined by an LLR estimator, then the constellation symbols are detected group by group with the ML method. As shown in the figure, the performance of the semi-ML detection is very close to that of the ML detection.
In Fig. 4 , we make a comparison of SAP-detection performance (BER performance of the index bits) between the proposed SAP scheme and that of the conventional OFDM-IM. To evaluate the influence of the minimum Hamming distance of the SAPs on the BER performance of index bits, plain 4-QAM symbols are transmitted on the active subcarriers without any precoding. As can be seen from the figure, the BER performance of the proposed SAP scheme is significantly better than that of conventional OFDM-IM with a diversity gain of 4, which benefits from the increased Hamming distance of the SAPs.
In Fig. 5 , We compare the BER performances of different OFDM-IM schemes by Monte Carlo simulations. In the conventional OFDM-IM and CI-OFDM-IM, a number of 2 sub-carriers are selected form a total of 4 sub-carriers to convey the 4-QAM data symbols in each subblock. Thus, the spectral efficiencies of them are 1.5 bit/s/Hz. In addition, the rotation angle of CI-OFDM-IM is set to be the optimal one, i.e., 15 degrees [20] . In order to achieve the same spectral efficiency as in the two conventional schemes, we set N and K to be 16 and 8, respectively, choose 256 SAPs in the C(16, 8) = 12870 possible SAPs for the lookup table (the Hamming distance between any two SAPs is at least 4), and adopt 4-QAM modulation for the active subcarriers. The rotation angle θ of ECI-OFDM-IM is set to be 10 degrees. The Conventional OFDM-IM adopts the LLR detector. Both CI-OFDM-IM and ECI-OFDM-IM employ the semi-ML detection method. As shown in the figure, ECI-OFDM-IM performs best in terms of BER. It can also be seen from the figure that, compared to CI-OFDM-IM, an additional diversity gain can be achieved by the proposed scheme.
VI. CONCLUSIONS AND FUTURE WORK
In this paper, we have proposed a novel OFDM-IM scheme termed ECI-OFDM-IM, which can be viewed as a modification of the existing CI-OFDM-IM. An asymptotic upper bound on the probability of bit error of ECI-OFDM-IM with ML detection has been provided in closed form. To reduce the detection complexity, a semi-ML detector has also been proposed. The theoretical analysis has been verified by Monte Carlo simulations. The simulation results shows that the proposed scheme outperforms CI-OFDM-IM with an additional diversity gain under the frequency-selective Rayleigh fading channel. The BER performance can be influenced by the constellation-rotation angle θ used in ECI-OFDM-IM. However, as we know, it is hard to obtain the optimal θ analytically. We consider this as our future work. 
